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Abstract: The widespread use of fossil fuels has caused high CO, concentrations in the atmosphere,
which have had a great impact on climate and the environment. Methods for efficiently utilizing CO,
to produce high value-added chemicals have received increasing attention. Among the products of
CO; hydrogenation, olefins, an important petrochemical feedstock, are one of the essential target
products. Therefore, CO, hydrogenation to olefins has been extensively studied, especially for the
development of high-performance catalysts. Iron-based catalysts, which are widely used in Fischer—
Tropsch synthesis reactions, have also been considered attractive for use in the CO, hydrogenation
to olefins due to their excellent performance in catalytic activity and reaction stability. Most studies
have focused on the modulation of morphology; reduction and adsorption properties by tuning the
methods of catalyst syntheses; pretreatment conditions and the composition of catalysts, in order to
improve hydrogenation activity and olefin yield. In this review, we briefly discuss a thermodynamic
overview of the CO, hydrogenation to olefins reaction, the optimization of catalyst modifications,
and current insights into the reaction mechanism; moreover, we summarize current challenges and
future trends in the CO, hydrogenation to olefins.

Keywords: carbon dioxide; hydrogenation; olefins; iron-based catalysts

1. Introduction

Global CO; emissions from the combustion of fossil fuels and industrial processes
reached their highest level of 36.3 gigatons (Gt) in 2021, as shown in Figure 1; this was
almost an increase of 6% compared to 2020 [1]. The widespread use of fossil fuels has led
to a continuous increase in the atmospheric CO, concentration, which reached 417.19 ppm
in 2022, 1.51 times higher than that of 277.0 ppm at the beginning of the industrial era in
1750 [2]. It is expected to reach 560 ppm by the end of this century. As a major greenhouse
gas, CO, causes various environmental problems, such as climate warming [3]. The global
surface temperature in 2021 was +1.12 °C higher relative to the 1880-1920 average in the
GISS (Goddard Institute for Space Studies) analysis, and the eight warmest years on the
record occurred in the past eight years; 2023 may set a new record [2]. However, since fossil
fuels will remain the dominant source of energy for decades. It will be challenging to meet
the goal of reducing CO, emissions, even if we commit to improving energy efficiency and
developing uses of renewable energy [4]. Therefore, approaches that utilize CO; to create
economic value have received a lot of attention [5-8]. Carbon capture and storage (CCS) has
been considered the most effective technology [5,9,10] among the different climate change
mitigation policies. However, it still faces several technical and economic barriers that must
be overcome before it can be deployed on a global scale [11]. Hence, carbon utilization has
drawn attention, because it involves the conversion of waste CO, emissions into value-
added products. CO; has been used in various industries, such as food, agrochemicals,
welding, foaming, fire extinguishers, propellants, etc. However, there is still a substantial
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market demand for developing technologies for the large-scale utilization and conversion
of CO;. Therefore, the conversion of CO, into chemicals and energy products offers a
promising pathway that has been extensively investigated.
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Figure 1. Total CO, emissions from energy combustion and industrial processes and their annual
change, 1900-2021. Reprinted with permission from ref. [1]. Copyright 2022 IEA.
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Thermodynamically, CO, is stable, and energy is the basis for its conversion and
utilization. As a high-energy material, catalytic CO, hydrogenation that uses hydrogen
generated from renewable energy sources, such as solar and wind, is an attractive way to
achieve this conversion [7,12,13]. A wide variety of CO, hydrogenation products can be
produced with catalysts containing different active metals, including methane, formic acid
and formate, hydrocarbons (especially olefins), alcohols and fuel oils [14,15]. Among the
CO; conversion pathways, CO, hydrogenation to olefins is considered to be an important
strategy for the synthesis of carbon-based fuels and feedstocks.

Olefins play a vital role in the petrochemical industry. As the most demanded chemical
feedstock, olefins are not only abundant in downstream derivatives, including plastics,
synthetic textiles, lubricants, detergents, solvents and cosmetics [16,17], they are also an
important component of liquid fossil fuels, such as gasoline, diesel and jet fuel [18-20]. With
continuing research on the reaction of CO; hydrogenation to olefins, there are two generally
accepted reaction pathways: (1) the methanol-to-olefins (MTO) pathway: hydrogenation of
CO; to methanol followed by the dehydration of methanol to form olefins [21-24]; (2) the
direct conversion of CO; pathway: hydrogenation of CO; to CO via a reverse water-gas-
shift (RWGS) reaction, followed by hydrogenation of CO via the classical Fischer-Tropsch
synthesis (FTS) reaction to produce olefins. The MTO route usually leads to higher olefin
selectivity, because it is not limited by the ASF distribution [25]. However, the temperature
regimes for converting CO, to methanol and methanol to olefins are different [26]. Methanol
to olefins is thermodynamically favorable at high temperatures (400-450 °C), but CO,
hydrogenation at high temperatures favors CO formation via the RWGS reaction and not
methanol [25,27]. Thus, for the MTO route, the low temperature kinetic limitations and
high temperature thermodynamic limitations reduce the productivity of methanol and
olefins [28]. For the direct conversion of CO; pathway, CO formed via the RWGS reaction
plays an important role in the downstream FTS process for the target olefin products. The
RWGS reaction is endothermic, while the FTS reaction is exothermic, which makes CO,-FTS
thermodynamically more favorable than the RWGS reaction alone [29]. In this review, we
focus on the research progress of CO, direct hydrogenation to the olefin pathway.

Since the direct CO, hydrogenation route shares a common reaction step with the
FTS reaction, a similar strategy has been adopted for catalyst design [30-32]. The Fe-based
and Co-based catalysts that are commonly used for FTS reaction were also investigated
for the CO, hydrogenation reaction. Co-based catalysts limit the growth of carbon chains
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due to their low RWGS activity and strong adsorption of CO [33,34], resulting in the CO,
hydrogenation products being mainly methane. Even with the addition of promoters
that can promote the RWGS reaction, the lower CO concentration on the catalyst surface
makes it difficult to build up the FTS system [35]. Fe-based catalysts with high RWGS and
FTS activity and reaction stability have been widely investigated. Usually, the product
distribution of CO, hydrogenation over Fe-based catalysts follows the Anderson-Schulz—
Flory (ASF) law [36]. In order to synthesize the desired products, the ASF distribution
limitation must be broken. Currently, most studies have focused on the modulation of
morphology, crystal structure, reduction and adsorption properties of Fe-based catalysts,
by tuning the methods of catalyst synthesis [37], roasting temperatures [38], pretreatment
conditions [39-41] and support materials [42—46], to improve hydrogenation reaction
activity and olefin selectivity. In addition, it was found that the doping of auxiliary
substances could modulate the surface interface structure of Fe-based catalysts to obtain
better catalytic activity and selectivity toward olefins.

2. Thermodynamic Analysis of CO, Hydrogenation

The direct hydrogenation of CO; is usually considered to be composed of two steps:
RWGS reaction to form CO and H,O, followed by the FTS reaction to generate hydrocar-
bons [47-49]. Yao et al. [50] conducted a thermodynamic study of a CO, hydrogenation
system with high olefin selectivity, and assumed that the main products were light olefins
and the formation of alkanes was negligible. The enthalpy and Gibbs free energy changes
of related reactions at different temperatures are shown in Figure 2. The A:H of the RWGS
reaction is greater than 0 at the temperature range from 373.15 K to 1273.15 K, and the A,G
decreases with an increase in the temperature, which means the RWGS is an endothermic
reaction and prefers a higher temperature. On the contrary, the A H of the FTS reaction is
less than 0, and is the same as the A;G below 650 K. As the temperature increases, A;G of
the FTS reaction gradually increases and accelerates with an increase in the carbon number
in the products, which means that the lower temperature is in favor of the exothermic FTS
reaction, and the formation of higher olefins.
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Figure 2. The (a) AH and (b) A:G of related reactions (R1 represents the RWGS reaction:
CO; + Hy < CO + H;O; R2-R6 represents the reaction of nCO + 2nH, — C,Hy, + nHyO, n = 2,
3,4, 5, 6). Reprinted with permission from ref. [50]. Copyright 2017 Wiley.

In order to simplify the calculation, Liu et al. [51] assumed that the concentration
of CO in the system was approximately zero; the reaction mixture was treated as an
ideal gas solution, and the hydrocarbon reaction products were low-carbon hydrocarbons
(C1—C4). The thermodynamic calculations show that the theoretical maximum conversion
of CO; is 69-71% at a reaction temperature of 580-630 K, a pressure of 2.5-3.0 MPa,
and with an H,/CO, ratio of 3. However, the concentration of CO is not zero in the
actual reaction system, and the simplified assumption brings a non-negligible effect on the
calculation results. Therefore, Liang et al. [17] investigated the thermodynamic equilibrium
of CO, hydrogenation by considering the concentration of intermediate product CO. The
intersection points of AG curves for olefins generation are near 320 °C, which is about 40 °C
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higher than that for alkanes, and the AG for olefins generation is already greater than zero
at 320 °C. That is, the yield of alkanes will be greater than the yield of olefins in a reaction
system that reaches thermodynamic equilibrium. Therefore, to improve the yield of olefins
in the product, the operating conditions and catalysts design should be optimized from the
kinetic direction [52].

3. Modification of Catalysts

As mentioned above, the CO; hydrogenation reaction is composed of the RWGS
reaction followed by the FTS reaction. The conventional Fe-based and Co-based FTS
catalysts are generally considered to be suitable for CO; hydrogenation as well. Compared
with Co, Fe possesses stronger RWGS activity, and thus has higher catalytic activity in
the reaction of CO, hydrogenation to hydrocarbons [53]. To promote CO, conversion
and olefin selectivity, various strategies have been used to control the morphology, crystal
and electronic structures, and redox properties of Fe-based catalysts [18,35,47,54-60]. The
catalytic activity of various Fe-based catalysts reported recently are summarized in Table 1.

Table 1. Summation of Fe-based catalysts used for CO, hydrogenation to olefins.

co co Selectivity of Hydrocarbons Reaction Conditions
2
Catalysts Con. Sel. 0 o0 s o/p GHSV Temp. P Ref.
(%) %) CHy  G-G0 GGy s+ (mLg 1h-1) Q) (Mpa)
Fe, O3 49 3.1° 43.0° 14.1° 25.7b 14.1° 1.8 30,000 330 25 [61]
Fe304-NaAc 30.4 1852 12.0° 45b 293P 5420 6.5 560 ¢ 320 0.5 [62]
C,0-Cy0 Cy=-Cy= Cgi=
a b 2 7 2 7 8+
0.5Na/Fe 35.3 13.2 31.8 T04b 5700 1ob 5.7 10,000 290 15 [63]
FeNa (1.18) 40.5 1352 15.8° 750 46.6° 30.1b 6.2 2000 320 3.0 [64]
0.05MnFe 30.0 7.72 29.3° CZ‘CbS Cég 0.4 6000 340 2.0 [65]
63.2 3.9
FeMnNa 35.0 18.1° 10.7° (3:%‘79,4 39.5b 8.1 12,000 340 2.0 [66]
Na-Fe2Zn1 435 920 115° C27=7‘3C§°= . 15,000 330 15 [67]
0 0 = (C..=

Na-Fe-Zn 38.0 15.02 13.0° ng—leu C278 g%,z - 85 15,000 340 25 [68]
Fe-Zn-2Na 43.0 15.7b 22.8° 740 54.1° - 7.3 10,000 320 15 [69]
FeK/MPC 50.6 82b 15.4° %ﬁ 445Pb - 2000 300 25 [45]
Fe,03-CT600 23.0 21.0°¢ 14.0° 6%3 14 1140 ¢ 300 1.0 [48]
Na-Fe30,/HZSM-5 22.0 20.12 40° %‘6%4 79.4° - 4000 320 3.0 [70]
15Fe-K/m-ZrO, 38.8 19.92 30.1° 12.8b 428" 14.3° 33 10,000 320 15 [71]
10‘;&%2/;5;02 42.0 15.02 20.0 8.2b 46.0° 26.8° 3.8 1200 340 2.0 [44]
Fe-Co/2.5K-Al,03 34.7 16.02 25b 6.2° 46.7° 220" 7.6 9000 340 2.0 [72]
Fe-Co/K-Al,03 37.2 28.9°P 135° 42°b 30.2° 2320 7.3 9000 © 320 2.0 [38]
FeCo/NC-600 37.0 114 4452 20.82 27.12 1.62 1.3 6420 320 2.0 [73]
Na-CoFe; Oy /CNT 34.0 - 15b 6P 39 40° 6.5 3600 340 1.0 [74]
ZnCogsFe 50y 49.6 582 18.9° 6.2° 36.1° 3870 5.8 4800 320 25 [75]
35Fe-7Zr-1Ce-K 57.3 319 20.6° 7.9b 55.6° 159° 7.1 1000 320 2.0 [76]
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Table 1. Cont.
co co Selectivity of Hydrocarbons Reaction Conditions
2
Catalysts Con. Sel. 0 0 S o/r GHSV Temp. P Ref.
(%) %) CHo G-CG0 GG Cs+ (mLg-h-1) ©0) (Mpa)
Fe-Cu(0.17)/K(1.0) 293 17.0® 70° 7563 52 3600 300 1.1 771
CuFeO, 273 4372 54% 89Pb 85.7b - 96¢ 2400 320 1.0 [78]
B out?i

2 The selectivity of product i was calculated by the following equation: S; (%) = oo mFeoram < 100%, where
,in ) oul

Fco,,in and Fco, out represent the inlet and outlet molar flow rates of CO,, respectively; F, ou¢ denotes the outlet
molar flow rate of carbon containing product i; v; refers to the carbon numbers in carbon containing product

E out?;

i. ® The distribution of product j was calculated by the following equation: D; (%) = T ot 100%, where

E out denotes the outlet molar flow rate of carbon containing product j; v; refers to the carbon numbers in carbon
containing product j. ¢ Estimated based on the data in the publication.

3.1. Promoters

It was found that the incorporation of promoters could modulate the surface and inter-
face structure of Fe-based catalysts. Various promoters, such as alkali metals [44,62—64,66,68,79-85]
and non-noble metals [62,76,77,86-88] have been used to increase the specific surface area
of Fe-based catalysts to modulate the CO, adsorption characteristics or increase the oxygen
vacancies. The addition of promoters further improves the carbonation rate of Fe-based
species, as well as the surface basicity or surface electron migration processes, and regulates
the interaction of Fe with the supports to obtain higher CO, conversion and olefin selectivity.

3.1.1. Alkali Metals

Alkali metals always act as electronic promoters by donating electrons to metal atoms
on the catalyst surface, and dramatically changing the catalytic activity. It was reported
that Li*-promoted Fe-based catalysts have an inhibiting effect on the RWGS and FTS
reactions [89,90]. Wang et al. [44] investigated the effects of five alkali metals on the catalytic
activities of Fe/ZrO catalysts for CO, hydrogenation. Similar to the FTS reaction, the
addition of Li* suppressed both the RWGS reaction and the following CO hydrogenation
reaction in CO, hydrogenation. The rest of the alkali metals, Na*, K*, Rb* and Cs*,
significantly decreased the selectivity to CH, and light paraffins, and increased it to olefins.
Simultaneously, the modification by Na*, K*, or Cs* also increased the conversion of CO,.
They found that the best performance for light olefin synthesis was obtained over the
K*-modified Fe/ZrO; catalyst, as a result of the accelerating effect of K* on the formation
of the FesC; phase. Yang et al. [91] also compared the unpromoted Fe-based catalyst with
the alkali-promoted ones, as seen in Figure 3. They found that Li or Na promoters did not
practically affect the activity of iron carbides to produce C,, hydrocarbons, while K, Rb,
or Cs promoters inhibited the activity of the catalyst. Moreover, the overall concentration
of iron carbides did not depend on the kind of promoter, but the K, Rb or Cs promoters
regulated the spatial distribution of active species along the catalyst bed to improve the
efficiency of Cp, hydrocarbons production.
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Figure 3. (a) CO, conversion and product distribution over 0AM/Fe and 0.001AM/Fe catalysts tested
in CO, -FTS at 15 bar and 300 °C, using a feed 3 H, /CO,/0.3 N, with a GHSV of 1160 mL gcat ! h™!
for 90 h. (b) Mossbauer spectra of spent 0AM/Fe and 0.05 K/Fe catalysts. (c) Composition of iron
phases in spent catalysts as determined from Mossbauer spectra. (d) XANES spectra at Fe K-edge
of spent 0AM/Fe, 0.001AM/Fe and 0.05 K/Fe catalysts. Reprinted with permission from ref. [91].
Copyright 2022 Wiley.

As a promising effect of K for tailoring the types of olefins in CO, hydrogenation,
many studies have focused on K-promoted Fe-based catalysts. Wang et al. [92] studied
the promotion effect of K on the carbon chain length of olefin products with single-walled
carbon nanotubes (SWNTs) that support Fe catalysts in the CO, hydrogenation reaction.
It was found that the content of K had an effect on the distribution of olefins in the
products. The selectivity and productivity of light olefins (C;™—C47) were highest at 7 wt.%
of K, reaching 27% and 16 umolco, gre ! s}, respectively; when the mass fraction of K
decreased to 3%, the selectivity and productivity of heavy olefins improved to 40% and
27 umolco, gpe_l s L respectively. Numpilai et al. [72] promoted Fe-Co/Al,O3 catalyst
through the addition of K to increase the selectivity of light olefins from CO, hydrogenation.
The positive effect of K addition was attributed to the electron donor from the K atom to
the Fe species, which enhanced the bonding strength of adsorbed CO, and H; species,
and retarded the hydrogenation of olefins to paraffins. Increasing the K/Fe atomic ratio
from 0 to 0.5 increased the olefins/paraffins (O/P) ratio by 25.4 times. Jiang et al. [83]
demonstrated that the introduction of K effectively suppressed the production of CO and
CHy, owing to its electron-donating property, promoting the adsorption and disassociation
of CO, and thereby enhancing the formation of iron carbides and chain growth probability.
Jiang et al. [93] investigated the surface adsorption properties of Fe-Mn samples with
potassium loadings via in situ diffuse reflectance FTIR using NO, CO and CO + H; as probe
molecules. They found that the interaction between potassium and surface iron species
promoted the formation of fine metallic iron clusters, while an excess of the potassium
covered the formed Fe species.
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Na is also one of the most commonly used alkali metal promoters, because Na* in the
catalyst can enhance the selectivity of light olefins by regulating the hydrogenation ability
and facilitating the desorption of olefins [68]. Moreover, Na can facilitate the reduction
by electron donation from Na to Fe as the oxygen vacancy formation energy is reduced
by Na [20,62]. Yang et al. [84] compared the effect of sodium and potassium promoters
to the zinc ferrite catalyst system on the concurrent conversion of CO and CO, to olefins.
The Na/Fe—Zn catalyst activity for apparent CO conversion was more than twice that
of the K/Fe—Zn catalyst, and it also exhibited better reactivity in terms of chain growth
probability and secondary reactions. They found that the spent Na/Fe-Zn catalyst mostly
consisted of FesC, and iron oxides, whereas the amount of Fe;Cj3 in the spent K/Fe-Zn
was 2.5 times higher than that in the spent Na/Fe-Zn. The density functional theory (DFT)
calculations revealed that the x-FesC, (001) surface showed weaker binding with C* than
the Fe;C3 (001) surface, which led to the more favorable production of the linear «-olefins
on the x-FesC, (001)-dominated surface of the Na/Fe-Zn catalyst.

Tu et al. [94] investigated in depth the role of Na in the dynamic transition of the work-
ing state of FesCy—ZnO catalysts, and found that Na additive did not alter the structures
of Fe5sCy-ZnO, but largely improved the stability of FesC, by preventing phase oxidation
during the reaction. Furthermore, Na also modified the surface properties of the catalyst,
thus facilitating the reaction of CO* and H* as well as C—C bond formation, as illustrated
in Figure 4. Malhi et al. [69] reported that the addition of Na into Fe catalysts altered the
rate dependencies on reactants, and the reaction pathways for olefins formation, which
may be a result of the modification of the reducibility and surface identities of Fe cata-
lysts by Na atoms; this changed the rate ratios of paraffins and olefins. Liang et al. [79]
and Wei et al. [63] also found that the addition of Na enhanced the adsorption of CO5,
facilitated the formation and stability of active species Fe;Cy, and inhibited the secondary
hydrogenation of alkenes. However, Gnanamani et al. [82] revealed that the addition of
alkali metals to iron oxalate decreased the bulk iron carbides formation of both the Hégg
and theta carbides. The stability of iron carbides and the chain-growth probability factor
for hydrocarbons and oxygenates increased with the increasing basicity of alkali added to
iron for CO, hydrogenation.

.
-
®
.

Fe.C,-ZnO-Na

Figure 4. Plausible mechanism of Na effects on Fe5C, for CO, hydrogenation. Reprinted with
permission from ref. [94]. Copyright 2021 Elsevier.

3.1.2. Non-Noble Metals

Since the CO; hydrogenation reaction is a combination of the RWGS and FTS reactions,
the introduction of additional FTS active sites without WGS activity is expected to accelerate
CO consumption to facilitate CO, conversion through the FTS pathway, rather than through
the WGS pathway. Jiang et al. [83] investigated the effect of introducing Co and Ru on
Fe-based catalysts during CO; hydrogenation. The addition of Co or Ru could enhance the
CO; conversion, only by promoting the FTS reaction rate of the CO intermediate without
catalyzing the conversion of CO into CO,. It was found that the intimate contact between
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Fe and Co sites favored a higher selectivity to Cp, hydrocarbons, due to the easy spillover
of the CO intermediate from Fe304 to Co sites; meanwhile, the increasing distance led to a
higher selectivity to CH, because of the lower CO concentration over Co sites. Xu et al. [75]
prepared ternary ZnCoyFe;.,O4 spinel nanoparticles and used them in CO, hydrogenation,
which exhibited outstanding performance toward CO; hydrogenation to produce light
olefins; there was a 36.1% selectivity toward C,™—C,;~ products at a 49.6% conversion,
and an unprecedentedly high iron time yield (FTY) for CO, conversion to light olefins
(~29.1 pmolco, ~gpe’1 -s71) at the gaseous hourly space velocity of 24,000 mL- gcat’l h~L
Witoon et al. [95] studied the CO, hydrogenation to light olefins over Fe-Co-Zn/K-Al,O3
catalysts with different Zn-loading contents (0-1.74 wt%). The 0.58 wt% Zn-promoted
Fe-Co/K-AlL,Oj3 catalyst showed superior activity for light olefins yield (19.9%) under the
optimum operating conditions of 340 °C, 25 bar, 9000 mL geot ~! h~! and Hj to CO;, ratio = 4;
this was due to the improvement in dispersion and the reducibility of iron oxides, and also
due to an increase in active sites.

Mn is also an effective promoter to decrease methane selectivity and to increase C,—Cy4
olefins selectivity of Fe-based catalysts during CO, hydrogenation [16]. It was reported
that Mn acted as a structural promoter to disperse and stabilize the Fe particles [66], and
promoted reduction by the presence of oxygen vacancy in MnQO, as the oxygen in Fe oxide
can spill over to the vacancy in MnO, spontaneously [62]. Dossary et al. [65] found that
the loading amount of Mn to iron catalysts exerted a strong influence on CO, conversion
and selectivity to different products. Liu et al. [62] suggested that to improve the selectivity
of olefins, the chain growth of the alkyl-metal intermediates should be suppressed, and
the short alkyl-metal intermediates should be terminated via 3-H abstraction to form light
olefins rather than paraffins. They found that the spatial hindrance of Mn suppressed chain
growth to increase the amount of surface short alkyl-metal intermediates; furthermore,
the electron transfer from Na to Fe atoms and subsequent backdonation to C* in C-metal
bonds favored the 3-H abstraction of these short alkyl-metal intermediates to form light
olefins. However, Xu et al. [66] demonstrated that close Fe—-Mn contact could result in
negative effects for both the intrinsic RWGS reaction rates and the olefin selectivity in CO,
hydrogenation. The reason for this result was because the active phase of the catalyst
transformed from the RWGS-active FeO phase to the FTS-active FesC, phase with the
assistant of Min, whereas the steric hindrance of the Mn moiety to the FTIS steps on the
Fes5C, sites suppressed the formation of olefins.

ZnO and Cu metals are usually used as structural promoters to adjust the Fe particle
size and the exposure of active Fe metal surface. Choi et al. [20] studied a ZnFe,Oy-
derived catalyst that contained well-dispersed iron particles with Zn, which served as a
structural promoter to improve the selectivity of liquid-fuel to 58%, and obtained a high
olefin-to-paraffin ratio of 11 in CO, hydrogenation. Hwang et al. [96] found that Cu could
incorporate into the Fe bulk lattice in the presence of K, and that the Fe-Cu-K catalyst
exhibited a Cs, yield of 18.1%, which was 1.4 and 7.8 times that of the FeK (12.8%) and
Fe—Cu (2.3%) catalysts. Chaipraditgul et al. [97] investigated the effect of adding transition
metals to Fe/K-Al,O3 on its catalytic activity in the reaction of CO, hydrogenation to
olefins. It was found that Cu and Zn could significantly increase the amount of weakly
adsorbed H atoms, thus improving the conversion of CO, as well as the selectivity of
long-chain alkanes. The addition of Co also improved the conversion of CO,, but provided
higher yields of light olefins. On the other hand, Mn and V inhibited CO hydrogenation,
and consequently made the conversion of CO; low to some extent, but Mn reduced the
weak adsorption of H atoms, and thus inhibited secondary hydrogenation of olefins to
obtain a higher O/P (olefins/paraffins) value of 7.4.

3.2. Bimetallic Catalysts

Another strategy to increase CO, conversion and olefin yields is to introduce a sec-
ondary metal, such as Mn, Co, Cu, or Zn, to increase the reducibility and number of active
sites through the high dispersion of active metals.
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Similar to Fe-based catalysts, Co-based catalysts also have been developed for indus-
trial uses in FTS. Nevertheless, in CO, hydrogenation at a relatively high temperature, the
dominant product with Co catalysts is methane rather than Cy, olefins [98,99]. When the
two metals are associated, the properties of the catalyst and the performance in CO, hydro-
genation are more likely due to the formation of an iron—cobalt alloy than the simple sum
of their respective properties [100]. Satthawong et al. [57,58] discovered a strong bimetallic
promotion of Cp, hydrocarbons formation from CO, hydrogenation on Fe-Co catalysts
by combining Fe and a small amount of Co on an alumina support. Inspired by previous
research, Gnanamani et al. [35] investigated unsupported Co—Fe bimetallic catalysts in CO,
hydrogenation, which displayed high performance at a temperature range of 200270 °C,
and at a pressure of 0.92 MPa. An Increase in d spacing for the (111) plane of the metal
oxalates precursor suggested that there was an incorporation of Fe into the cobalt lattice
to form a Co-Fe bimetallic oxalate. After pretreatment in CO, the Co-Fe samples were
composed of CoO, CoFe alloy, FeCy, CopC, metallic Co and Fe, and the characterization
results also showed the possibility of a presence of cobalt in the iron carbides (Figure 5a).
In a subsequent study, the bimetallic alloy carbide was confirmed by Kim et al. [74], who
reported that monodisperse nanoparticles of Na-promoted the CoFe;Oy catalysts being
supported on carbon nanotubes for the preparation of C,—C4 olefin products by CO, hy-
drogenation (Figure 5b). In comparison with the conventional FesC; active site of pure
iron catalysts and the Co,C active site of pure cobalt catalysts, the unique bimetallic alloy
carbide (Fe1«Cox)5Cy led to higher CO; conversion (~34%) and better selectivity toward
light olefins (~39%) at 10 bar and 613 K, with an H, /CO, ratio of 3:1.
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According to previous studies, FeOx—MnOy bimetallic catalysts have been proven to
have excellent performance in the Fischer—Tropsch-to-olefin (FTO) process. Even a small
amount of MnOx can improve the dispersion of FeOx and the carburization of Fe [88,101].
Kinetic studies further demonstrated the effect of MnOy on promoting CO dissociation
and monomer formation, reducing the effective sites of Hy dissociation, olefin reabsorp-
tion and secondary hydrogenation [102], which promoted the generation of low-carbon
olefins. Unlike CO hydrogenation, Kuei et al. [103] concluded that manganese showed
little promotion effect on the selectivity of olefinic hydrocarbons in CO, hydrogenation.
Generally, manganese decreased CO dissociation ability and the carbon content on catalysts,
creating the proper oxide-carbide surface structure to produce olefins in CO hydrogenation.
However, in CO;, hydrogenation, this oxide/carbide surface structure may be destroyed by
severe oxidation, and active carbon was unstable in an atmosphere with high water content.

Cu has high activity in both the WGS and RWGS reactions, and did not lead to the
methanation of CO; [19]. Therefore, Fe-Cu bimetallic catalyst has attracted extensive
attention in the field of CO, hydrogenation to olefin. Compared with monometallic Fe,
the addition of Cu to Fe can successfully suppress undesired CH4 formation, while en-
hancing CO and C,, hydrocarbon formation [77]. Structural characterization revealed the
generation of Cu-Fe alloy species, and the incorporation of Cu into the Fe bulk lattice in
the presence of alkali metals [96]. Based on structural and electronic characterizations,
Li et al. [78] demonstrated the reconstruction of CuFeO, after the activation procedure.
The Cu+ in the CuFeO; lattice collapsed and aggregated to form a pure Cu phase with
a partially oxidized surface. Meanwhile, Fe?* in the CuFeO, lattice underwent partial
reduction and carbonization to form Fe3O4, x-Fe5C, and FesC. These species were in close
contact with each other, forming multiple interfacial sites, such as an interface between Cu
and x-FesC;. Generally, interfacial sites between copper and iron carbides were regarded
as the active center for CO insertion. As shown in Figure 6a and 6b, the DFT calculation
proved that the Cu-x-FesC; interface significantly promoted CO insertion, relative to iron
alone. Nie et al. [104,105] performed density functional theory calculations to investigate
the adsorption, activation, initial hydrogenation and mechanism for CO, hydrogenation to
C; and C; hydrocarbons over Cu-Fe bimetallic catalysts. It was found that CO, adsorption
strength decreased monotonically as surface Cu coverage increased. On the monometallic
Fe(100) surface, the favorable CH* species for production of CH4 and C,H, was formed
through a path of CO,* — CO* — HCO* — HCOH* — CH*. On the bimetallic Cu—Fe(100)
surface, the preferred path for CH* formation went through CO,* — HCOO* — HCOOH?*
— HCO* — HCOH* — CH* (Figure 6¢). Once CH* was produced, it was more selective to
CH,4 than C,Hy on the Fe(100) surface, since the energy barrier for C—C coupling of two
CH?* species was 0.3 eV higher than that for CH* to CHs. However, on the Cu-Fe (100)
surface, the barrier of CH, species hydrogenation was higher than that of the CH* +CH*
coupling; thus, it became more favorable to produce C,Hy rather than CHy.

Zn has been proven to be an effective structure promoter to disperse the active iron
phases generated during the CO, hydrogenation reaction. Therefore, Fe-Zn bimetallic
catalysts have also been investigated for enhancing olefin yields in CO, hydrogenation.
Tu et al. [94] prepared ZnFe,Oy4 precursors, and obtained Fe5sCy—ZnO bimetallic catalysts
by CO reduction. In situ XRD detected the phase transformation of ZnFe;O4 to a mixture
of FeO and ZnO, and then to a mixture of FesC, and ZnO. Zhang et al. [67,106] used in situ
XPS characterization to investigate the interactions of Fe—Zn bimetallic catalysts during
CO, hydrogenation to linear x-olefins, and found that the chemical state of ZnOy was
between 0 and +2 (Zn®*), which demonstrated the electron donating interaction of Zn to
Fe. They also found that adding Zn changed the balanced ratios of FeC/FeOx during the
reaction by preventing the oxidation of FeCy from H,O and COj,, thus promoting C-C
coupling and olefins synthesis over FeCy species. An FeyZn; catalyst showed a C,—Cy
olefins selectivity of 57.8% in the gas phase, and a C4—Cy olefins selectivity of 60.7% with an
89.3% LAOs/olefins ratio, which was 2.4 times that of Fe,O3. Zhang et al. [68] proposed the
reaction mechanism of CO, hydrogenation to olefins over Na-Zn-Fe catalysts, as shown in
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Figure 7. They suggested that the CO, and H; molecules were first activated on the ZnO
surface to form CO,* and Hy*, followed by the hydrogenation of CO,* to produce CO*
and OH; then, OH* produced H,O by combining with H*. CO* species near the interface
diffused to the adjacent v-FesC, surface, where hydrogenation and C-C coupling reactions
occurred, followed by the formation of olefins by dehydrogenation.
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3.3. Supports

Using metal-support interactions to modify heterogeneous metal catalysts is an effi-
cient way to improve the catalytic activity, and to control product selectivity during the
heterogeneous catalytic reaction process. Electron transfer between metal and support [107],
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support-induced recombination of metal particles, and the formation of specific interfaces
between metals and supports, all contributed to the occurrence of strong metal-support
interactions (SMSI) [108], which had a positive effect on the performance of catalysts [109].

3.3.1. Metal Oxides

Metal oxide-supported catalysts generally have strong metal-support interactions,
as the oxide covers the metal particles during the reduction process [110]. Furthermore,
when the bond between the oxide and the metal particles is strong, the metal particles
become well dispersed on the oxide support [111]. Wang et al. [44] investigated the effect
of supports on the catalytic performances of K*-modified Fe catalysts. The results showed
that SiO, was unsuitable for CO, hydrogenation to hydrocarbons because both the conver-
sion of CO; and the selectivity to hydrocarbons decreased over SiO;-supported Fe-based
catalysts. K*-modified Fe catalysts loaded onto other typical metal oxide supports, such
as Al,O3, TiO,, and ZrO,, provided much better performances for the formation of light
olefins. The promotion of catalytic activity by SiO; and Al,O3 was further investigated
by Pandey et al. [112], who found that the SiO;-supported Ni-Fe catalysts showed lower
enhancements of conversion and yield than those observed for the Al,O3-supported cata-
lysts. For the SiO,-supported Ni-Fe catalysts, the enhancements appeared to be due to the
additional metal sites formed. Moreover, from the DRIFT results, for the Al,O3-supported
Fe-Ni catalyst, the adsorption of carbonate by the unreduced Fe;0O4 species was a reason
for the enhancements in catalytic activity. Ding et al. [113] found that the surface -OH of the
ZrO; support had better CO, affinity compared to the Al,O3 support, and also possessed a
higher surface oxygen vacancy density, all of which resulted in better catalytic activity of the
catalysts. Huang et al. [71] studied the dynamic evolution of active Fe species during CO,
hydrogenation over two kinds of zirconia (m-ZrO, and t-ZrO,)-supported iron catalysts.
Catalysts of 15%Fe-K/m-ZrO, presented a remarkable CO, conversion (38.8%), and a high
selectivity to light olefins (42.8%). More oxygen vacancies on the surface of m-ZrO, and
the electron-donating ability of iron elements boosted the charge transfer between Fe and
the ZrO, support, forming a more active Fe species.

3.3.2. Carbon Materials

Chernyak et al. [114] studied CO; hydrogenation to hydrocarbons over spark plasma
sintered Fe/CNT catalysts, which showed high activities of 5.4-12.2 molcop gre ™! 57!
and promising C,, selectivity of ~40-50 mol. % at low Hj:CO; ratios of 1 and 2, with-
out pre-reduction. In contrast to oxide, the carbon support prevented the formation of
inactive irreducible complex oxides, and promoted catalyst activation. Meanwhile, the
stability of the sintered catalysts against particle migration was attributed to the framework
structure of densely packed CNTs that hindered the mobility of iron-containing particles.
Chew et al. [42] investigated the effects of CNT and SiO, as supports on the catalytic ac-
tivity of Fe-based catalysts during the CO; hydrogenation reaction. In comparison, the
iron oxide nanoparticles on SiO, were more difficult to reduce than on the CNT support,
indicating that the interaction between iron oxide and silica was substantially stronger
than that with CNTs. The strong iron-silica interaction prevented the complete reduction
and carbonization of the Fe/SiO, catalyst, which primarily caused lower activity and high
CO selectivity in CO; hydrogenation. The CNT-supported Fe catalysts, on the contrary,
were more active and selective to light olefins in the range from C, to Cs. Hwang et al. [45]
synthesized well-defined mesoporous carbon (MPC) as a support for Fe catalyst, which
exhibited excellent catalytic activity and selectivity towards long-chain hydrocarbons (Cs, ).
The mesoporous structure of MPC provided the benefits of fast mass transfer of hydrocar-
bon molecules, and weak metal-support interaction of MPC and Fe metal promoted the
formation of Fe;C3 during the reaction, which generally enhanced the CO, conversion and
Cs, hydrocarbon selectivity.

Metal-organic framework materials (MOFs), which consist of inorganic metal ions
and organic ligands, have also been used as sacrificial templates or precursors to form
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different porosities and compositions of porous carbon supports by altering the pyrolysis
temperature and the components of the initial MOFs [115,116]. Dong et al. [73] prepared a
carbon-encapsulated Fe—Co bimetallic catalyst using ZIF-67 as precursor support, in order
to convert CO; to light olefins. The NC layer formed during the pyrolyzation of ZIF-67
could well embed and disperse the metal nanoparticles, which effectively promoted the
reduction and carburization of the metal during the reaction. With an increase in pyroly-
sis temperature, the metal carburization in the reaction process became more accessible,
leading to more active components of FesC, and Co,C. The highest selectivity of light
olefins (C,™—C47) of 27% was achieved using an FeCo/NC-600 catalyst, coupled with a
CO; conversion of 37%. Similarly, Liu et al. [117,118] used ZIF-8 as a template to synthesize
carbon encapsulated Fe-based catalysts, which exhibited enhanced catalytic activity toward
olefins. In addition to using an MOF as a template, the corresponding catalyst could also
be obtained through direct pyrolysis or carbonization of Fe-containing MOF materials,
which also achieved high performance towards olefin formation [31,119]. The carbonates
generated from the decarboxylation of the MOFs fully covered the particle surfaces, which
could decompose to CO; and lead to an active surface that was rich with dangling bonds
for catalytic turnover [120].

3.3.3. Zeolites

For the conventional Fe-based catalysts, hydrocarbon products generally follow the
Anderson-Schulz-Flory (ASF) distribution, which is mainly composed of low-carbon
liner-olefins and liner-paraffins. Considering the unique framework topology of zeolite
components, they are favorable candidates for precise control of product selectivity in
the oligomerization/ aromatization/ isomerization of hydrocarbons. Different types of
zeolites, such as HZSM-5, HMCM-22, HBeta and HY, demonstrated unusual characteristics
in the skeletal isomerization reactions of hydrocarbons [70,121-123]. Therefore, the combi-
nation of Fe-based catalysts with zeolite into a multifunctional catalyst can shift product
distribution towards gasoline-range hydrocarbons and aromatics.

Wei et al. [47,70] prepared highly efficient multifunctional Na-Fe3O4/HMCM-22 and
Na-Fe304/HZSM-5 nanocomposite catalysts to directly convert CO, into isoparaffins and
higher hydrocarbons, respectively. Due to its unique pore structure and appropriate Bren-
sted acid properties, HMCM-22 effectively suppressed aromatization, while promoting
isomerization to achieve a selectivity of 82% for C4, hydrocarbons, of which isoparaffins
accounted for 74%. The multiple active sites (Fe3O4, FesCy and acid sites) in the Na—
Fe3O04/HZSM-5 catalyst enabled a tandem reaction pathway, including the initial reduction
of CO; to CO over the Fe3Oy sites, the subsequent hydrogenation of CO to olefins over the
Fe5C; sites, and hydrocarbon isomerization over the Brensted acid sites in H-ZSM-5; this
lead to extremely high performance in CO, hydrogenation with a C5—C;; hydrocarbons
products selectivity of 78%, and CHy4 of only 4% at a CO, conversion of 22% under indus-
trially relevant conditions. More importantly, it exhibited remarkable stability during more
than 1000 h on stream, with the Cs, selectivity steadily maintained at 67 & 2%.

3.3.4. Perovskite-Type Oxides

Perovskite structures are adopted by many oxides that have the chemical formula
ABOs (perovskite-type oxides, PTOs), where A and B are two positively charged ions
(i.e., cations) with very different sizes [124]. Moreover, the A and B sites can be possibly
substituted by other cations, resulting in a general formula of A;;A’yBO3, AB; «B'xO;3
or A1_yA’ yBl_XB’ xO3 [125,126]. The unique crystal structure of PTOs can restrict the metal
ions to A and B sites in specific crystals, thus providing a better dispersion of the related
metal ions [127]. In addition, the metal valence state as well as the redox properties and
interface structures of PTOs can be adjusted by elemental doping, or by partial substitution
of the A and/or B sites, to provide controlled selectivity for the target products [128].
According to previous studies, perovskite-type catalysts have shown high catalytic activity
in FTS [129-131] and RWGS reactions [132,133]. Therefore, as a potential material, Fe-doped
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perovskite catalysts have also been investigated for CO, hydrogenation to hydrocarbons.
Utsis et al. [134] investigated the effects of oxide precursors with different compositions
and structures on the reactive sites of hydrogenating CO, on Fe-based catalysts. The results
showed that solid crystalline matrix containing Fe ions with different valence states and
environments strongly affected the reaction rates of the RWGS and FTS steps during CO,
hydrogenation. The obtained ratio of rpys/rrwes for the LaFe—perovskite precursor was
0.15, which indicated that there was an imbalance between the RWGS and FTS steps, and
the Cs, hydrocarbons productivity was directly limited by the rate of the FTS step. Hou
et al. [135] reported on an Sry.4K«FeOs3 perovskite-derived catalyst with highly dispersed
active sites and enhanced RWGS reaction activity, which obtained high CO, conversion
(30.82%) and light carbon olefin selectivity (29.61%) during CO, hydrogenation. The K-
substituted SKFy chalcogenide catalysts were found to promote the generation of active
phases (Fe304 for RWGS, Fe5C, for FTS), and the catalytic performance of Fe3Oy, the redox
effect of SrpFe,Os5 on CO; cracking, and the formation of SrCO3 carbonate, are responsible
for the enhanced activity of the RWGS reaction. In addition, the reversible reaction between
SryFe;Os and CO; (SrpFepOs + 2 CO, = 2 SrCO3 + FepOs) ensured the structural stability
and high dispersion of the active phase. Although the unique properties of perovskite
provide many innovative ideas for catalysts construction, there are relatively few reports
on the use of perovskite-derived iron catalysts for CO;, hydrogenation to hydrocarbons.
There are still many topics worthy of research in this field.

3.4. Particle Size

The size of metal particles has significant effects on their electronic and geometric
effects; these changes can sometimes have unexpected effects on the catalytic activity of
the catalyst. Kwak et al. [136] reported that the activity of atomically dispersed supported
metals differed greatly from those of 3D metal particles in CO, reduction. Xie et al. [137]
investigated the CO, hydrogenation catalytic activity of Al,Oz-supported Fe catalysts
with different pore sizes, and found that the particle size of Fe,O3 increased as the Al,O3
pore size increased, and the larger particle size facilitated the growth of C-C bonds. They
found that only the appropriate Fe,Os particle size (5-8 nm) was most favorable for CO,
conversion and Cs5* product generation. Wu et al. [138]. reported that the large difference
in Ni particle size strongly affected the kinetic parameters of CO, hydrogenation, the
formation pathways of CO and CHy, and the reaction selectivity. Iablokov et al. [139]
found that for all Co nanoparticle sizes, the TOF of CO, hydrogenation was found to be
significantly higher on the larger nanoparticles, while the product distribution was similar.
As for the CO, hydrogenation reaction over Fe-based catalysts, it was more difficult to
study the size effect due to the complexity of the reaction pathway and products formation.
Hong et al. [140] investigated the deactivation of a co-precipitated Fe-Cu—K-Al catalyst
in CO, hydrogenation to hydrocarbons. It could be concluded that the deactivation of
the Fe-Cu-K-Al catalyst was mainly caused by the growth in crystallite size and the
component separation, which led to a decrease in the promoting effects of Cu and K.
Zhu et al. [141] studied Fe-based catalysts with a particle size range of 2.5-12.9 nm in CO,
hydrogenation to hydrocarbons. The overall selectivity of Cp, hydrocarbons increased
with increasing particle size, while that of CO decreased. They found that large particles
were more favorable for both the primary (RWGS and methanation) and the secondary
(FTS) processes, over which the HCOO* species could be formed more easily to promote
further hydrogenation to CHy as a primary product; moreover, large particles performed
with a higher chain-growth probability. Numpilai et al. [38] found that the calcination
temperature had significant impacts on metal oxides crystallite size, which affected CO,
conversion, product selectivity, as well as the yield of olefins. They synthesized a series
of Fe—-Co/K-Al,O3 catalysts calcined at a temperatures range of 400-800 °C. With an
increase in calcination temperature, a growth of metal oxides particles and a lower degree
of reduction of iron oxide species were obtained. The highest CO, conversion (49%),
hydrocarbons selectivity (90%) and olefins yield (18.1%) were achieved with Fe-Co/K-Al,O3
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calcined at 400 °C, due to the combination of small metal oxides particles and easier
reducibility of iron oxide species.

4. Active Site and Reaction Mechanism

The reaction mechanism of the CO, hydrogenation reaction has been controversial,
due to the complexity of its intermediate species. It is generally believed that there are
two pathways for the hydrogenation of CO, to hydrocarbons. One path is the direct
hydrogenation of CO, to hydrocarbons (Equation (1)), and the other is the RWGS-FTS
pathway, in which CO; is first converted to CO via the RWGS reaction (Equation (2)), and
then converted to hydrocarbons via the FTS pathway of CO hydrogenation (Equation (3)).
Zhu et al. [141] investigated the relationship between product selectivity and reactant
conversion in the CO; hydrogenation reaction. It was found that CO and CHj selectivity
were non-zero, and that Cp, selectivity was close to zero at a CO, conversion of zero. There-
fore, CO and CH, were the primary products that were directly generated by the RWGS
reaction and CO; methanation, and the primary CO could be subsequently converted to
CH4 and Cp, hydrocarbons. On this basis, the researchers proposed a reaction pathway for
CO; hydrogenation, and considered both CO, methanation and the RWGS reaction as the
primary reactions, and then the primary CO underwent the FTS process to form CH, and
C,, hydrocarbons. As for the mechanism of the FTS process, the common views mainly
involved the CO insertion mechanism [142] and the surface carbide mechanism [143,144].
With the advancements in catalyst characterization techniques, especially the operando and
in situ characterizations of catalyst surfaces, the surface carbide mechanism is becoming in-
creasingly accepted, due to the observations of an abundance of carbon rather than oxygen
on the catalyst surface. Therefore, many scholars have studied the carbon species on the
catalyst surface, in order to determine the nature of the active sites during the CO/CO,
hydrogenation reaction.

nCO, + 3nH, — C,,Hy,, + 2nH,0 1)
CO, + H; < CO+ H,0 2)
nCO +2nH, — C,,H,,, + nH,O 3)

For Fe-based catalysts, the starting oxide phase is usually converted to an intermediate
oxide, and eventually to a metal phase when pretreated under hydrogen-rich conditions,
or to a final carbide phase under a CO-rich atmosphere [145,146], as seen in Figure 8. Since
the binding strength and corresponding reactivity of the reactants vary with the Fe phases,
it is necessary to understand the effect of each phase component on the catalytic reaction.
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Figure 8. Schematic of the common transformations observed between different iron phases during
the Fischer-Tropsch and CO, hydrogenation processes. Reprinted with permission from ref. [146].
Copyright 2018 Royal Society of Chemistry.

Han et al. [147] investigated the mechanism of the RWGS reaction on typical Fe-
based catalyst surfaces using DFT calculations, and found that Fe30O4 was the active phase.
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The direct dissociation mechanism of CO, dominated the RWGS reaction, and the OH*
removal step was the rate-determining step for most Fe-based surfaces; thus, the adsorption
energy of CO,* and OH* could be used as descriptors of the RWGS activity of Fe-based
catalysts. Wang et al. [148] used DFT calculations to determine that HCOO* and CH*
were key intermediates in the formation of CHy and CoHy during CO, hydrogenation
for hydrocarbon synthesis on the surface of x-FesC,(510). The high surface coverage
of O* could oxidize the carbide surface, and the resulting FesC,-Fe;O3 interfacial sites
facilitated the conversion of adsorbed O* to H,O*, thus releasing more active sites to
adsorb CHy species, and promoting C-C coupling to produce hydrocarbons. Thus far, the
common experimental observations suggest that Fe304 and iron carbides are the active
phases for the RWGS and FTS reactions, respectively. Cui et al. [149] demonstrated that
bare Fe;C; had no activity for CO; conversion, and that CO; was first reduced to CO by
H, via the RWGS reaction over Fe;Oy, followed by the subsequent CO hydrogenation
to olefins via the FTS reaction on FesC, sites. Zhang et al. [61] explored the dynamic
structure-performance relationship of the iron catalyst throughout its full lifecycle in CO,
hydrogenation to olefins. When pretreated in a CO atmosphere, the phase change process
of iron in the catalyst followed Fe,O3 — Fe304 — Fe — FesC,. After the reaction gas was
introduced, the phase change process had two main paths, which were Fe5C, — FezO4 and
FesCy — Fe3C — Fe304. The results showed that the FesC, phase was the active phase for
the generation of C,—Cy olefins. The irreversible oxidation of the iron carbides to Fe;O4
under CO; hydrogenation conditions was the main factor leading to catalyst deactivation

(Figure 9).
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Figure 9. Structure evolution of Fe catalyst in CO, hydrogenation during its life cycle. Reprinted
with permission from ref. [61]. Copyright 2019 Elsevier.

In fact, Fe-based catalysts have been observed to form a variety of iron carbides in
the FTS reaction, such as e-Fe,C, ¢’-Fe; ,C, FeyCs, x-FesC; and 6-Fe3zC [150,151]. Figure 10
shows the structures of iron carbides and their transformation pathway obtained by the
Ab initio atomistic thermodynamics method, which showed that iron carbides can be
transformed into each other under certain conditions [152].

It is necessary to figure out the catalytic activities of different iron carbide phases.
Smit et al. [152] investigated the stability and reactivity of each iron carbide phase at
different carbon chemical potentials, and found that x-FesC, was susceptible to oxidation
under FTS reaction conditions, while Fe3C and amorphous iron carbides exhibited lower
activity and selectivity. However, Mazzucco et al. [153] presented direct evidence that
nanoparticles with the cementite (Fe3C) structure were active for nanotube growth (C-
C bond formation), while carbon-rich particles with the Hagg (FesC;) structure were
inactive. Density functional theory calculations suggested that reduced activity may be
due to lower carbon mobility and higher C-C bond formation energies on the surface of
nanoparticles with a Fe5C; structure. Zhang et al. [41] also found a significant difference
in the catalytic activities of x-Fe5sC, and 6-Fe3C generated from «-Fe;O3 and y-Fe;O3 in
the CO, hydrogenation reaction. The higher selectivity of x-FesC, over light olefins was
attributed to its higher effective barrier and weaker hydrogenation ability, while the high
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selectivity of Cs, hydrocarbons on 6-Fe3C was mainly attributed to its strong adsorption
of CO,, enhancing the chain growth of the adsorbed carbonaceous species (Figure 11).
Yang et al. [154] synthesized different iron carbides (FesC;, Fe5C, and FezC mixture, Fe3C)
by varying the carburization temperature of iron oxalate precursors between 320 and 450 °C,
and tested their catalytic activity in a CO hydrogenation reaction. The results showed that
both CO conversion and product selectivity were influenced by the iron carbides. The CO
conversion and the selectivity of light olefins were higher when Fe;C; was the dominant
iron carbide. In addition, the selectivity of Cs, hydrocarbons in the products was higher
when Fe;C was present alone.

8’-F62_2C/8~F€2C G-FCBC

~250°C
high p,

%-Fe C, el o -3 8

low p,
Figure 10. Qualitative interpretation of the ab initio atomistic thermodynamics study of iron carbides
structures (gray arrows indicate transformations where entropic contributions to the total free energy
may be significant. The dashed arrow indicates that the transformation may be kinetically inhibited).
Reprinted with permission from ref. [152]. Copyright 2010 American Chemical Society.
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Q’J ';i'; €0, ) L; Ilwdmcarb:n o

Figure 11. Scheme of the structure—performance relationship of x-Fe,O3 and y-Fe,Oj3 catalysts
for CO, hydrogenation during activation and reaction processes. Reprinted with permission from
ref. [41]. Copyright 2018 John Wiley and Sons.

5. Conclusions

In the face of severe pressure for CO, reduction, developing approaches that utilize
CO, resources efficiently is a challenging topic in C1 chemistry research. The direct syn-
thesis of olefins via catalytic CO, hydrogenation is one of the promising ways to realize
the conversion and utilization of CO,. Fe-based catalysts are widely used for CO, hydro-
genation to hydrocarbons, due to their cost-effective performance and catalytic activity.
However, under reaction conditions, complex and diverse phases such as iron oxide, metal-
lic iron and iron carbide may co-exist on Fe-based catalysts as the active phases for the
reactions of CO, activation, Hj activation, CO hydrogenation, carbon chain growth and
hydrogenation, respectively, which make the characterization of the dynamic structural
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evolution of Fe-based catalysts even more challenging. In recent years, many studies have
tried to tune the morphology structures, reducibility, surface basicity, and adsorption prop-
erties of Fe-based catalysts, by altering the methods and temperatures of catalyst syntheses,
supports, and promoters, or introducing other elements to form Fe-based bimetallic clusters.
Although these studies are devoted to improving CO, conversion and olefin selectivity,
the catalytic consequences of the changes in structure at the surface and interface of Fe-
based catalysts on the rate of CO, hydrogenation activation, and the distribution pattern of
carbon-containing products, are still insufficient and controversial. Meanwhile, the reaction
pathways and kinetics of CO, hydrogenation to olefins over Fe-based catalysts are still
not well-established, which restrict the precise regulation of the catalysts” active center,
the design of industrial catalytic reactors, and limit the scale-up of CO, hydrogenation
to olefins.

Therefore, in addition to constructing highly active iron-based catalysts to further
inhibit the generation of by-products such as CHy and improve the selectivity of target
products, it is also necessary to combine in situ or operando characterizations and DFT
calculations to deeply analyze the active sites for CO; activation and C=C bond formation
on iron-based catalysts under realistic reaction conditions, and the resulting reaction
pathways for CO, hydrogenation. Clarification of the structure—performance relationships
of iron-based catalysts in the CO, hydrogenation process will facilitate the precise regulation
of the active center of catalysts, and the design of industrial reactors that are suitable for
scale-up of CO; utilization.
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